Abstract-The aim of this paper is to introduce hot-spot and top-oil temperature thermal models for more accurate temperature calculations during transient states based on data received in a normal heat run test (i.e., the top oil in the tank of the transformer and the average winding-to-average oil gradient). Oil viscosity changes and loss variation with temperature are taken into account. The new thermal models will be validated using experimental (fiber-optic test) results obtained at varying load current on a 250-MVA-ONAF-cooled unit, a 400-MVA-ONAF-cooled unit and a 605-MVA-OFAF-cooled unit. The results are also compared with the IEEE-Loading guide (1995) Annex G method.
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I. INTRODUCTION
A CCORDING to the IEC 354 loading guide for oil-immersed power transformers [1] , the hot-spot temperature in a transformer winding consists of three components: the ambient temperature rise, the top-oil temperature rise, and the hotspot temperature rise over the top-oil temperature. It is assumed that during a transient period, the hot-spot temperature rise over the top-oil temperature varies instantaneously with transformer loading, independently of time. The variation of the top-oil temperature is described by an exponential equation based on a time constant (oil time constant). The top-oil time constant suggested by the IEC loading guide is 150 min for the oil natural-air natural cooling mode (ONAN) and for the oil natural-air forced cooling mode (ONAF). In the case of the oil forced-air forced cooling mode (OFAF), it is suggested to use the oil temperature of the oil leaving the winding. This has not been practiced in the industry due to difficulties recording the temperature of the oil leaving the winding. The suggested oil-time constant for OFAF-cooled units is 90 min according to IEC, whereas the IEEE Loading Guide [2] suggests a design-specific calculation method for the top-oil time constant. In this case, the time constant is calculated for each transformer unit separately depending on both the cooling mode (ONAN, ONAF, OFAF) and the masses of the 0885-8977/$20.00 © 2005 IEEE various components comprising a transformer (such as the oil, tank, radiators, insulation, clamps, and unenergized windings).
During the last ten years, fiber-optic probes have been used by many authors [5] - [8] in order to obtain as accurate values for transformer temperatures as possible. It has been recorded that there is a time delay between the top-oil temperature rise in the tank and the hot-spot temperature rise.
The hot-spot temperature increases rapidly at a time constant equal to the time constant of the windings. During transient states, this results in winding hottest spot temperatures higher than those predicted by the present IEC loading guide for oil-immersed power transformers [1] .
By analyzing the measured results of tested power transformers, it was noticed that the hot-spot temperature rise over top-oil temperature at load changes is a function depending on time as well as the transformer loading (overshoot time-dependent function) (Fig. 1 ) [5] , [6] . The maximum values and shapes of this function (=overshoot factor ) for different transformers, different loadings, different oil circulation modes in the windings (zig-zag and axial), and different cooling modes are given in [6] .
It has also been noticed that the top-oil temperature time constant is shorter than the time constant suggested by the present loading guide, especially for the ONAN and ONAF cooling modes [6] . Based on those results, a new exponential calculation method was also proposed for the hot-spot temperature variation at the varying load [6] .
The thermal overshoot phenomenon ( Fig. 1 ) has also been strongly investigated by Linden Pierce. The obtained results are published in scientific papers [7] , [8] and as a parallel dynamic hot-spot temperature calculation procedure in the IEEE Loading Guide (Annex G in [2] ).
This paper is an attempt to develop a generalized model, which is able to explain the principal background of the previous findings. The paper presents a new temperature calculation method based on heat transfer theory, application of the lumped capacitance method, the thermal-electrical analogy, and a definition of nonlinear thermal resistance.
The basic approach has already been proposed by Swift [9] . As a new idea, the present work focuses specifically on the nonlinear thermal resistance of the transformer oil. The method presented in this paper takes into account oil viscosity changes and loss variation with temperature; it is validated using experimental results, and it is compared with the IEEE-Annex G [2] .
II. TRANSFORMER THERMAL MODELS
In trying to analyze the transformer temperature problem, the basic analogy between thermal and electrical processes is given below (Table I) [3] , [9] .
At this point, it may be useful to define thermal resistance and thermal capacitance as the material's ability to resist heat flow and to store heat, respectively.
The foregoing analogy assumes that the thermal characteristics of a material are constant, that is, they are not changing with temperature. In order to use this electrical-thermal analogy for the transformer temperature calculation, it will be necessary to modify further the lumped capacitance method by introducing a Fig. 1 . Normalized time variation of hot-spot temperature rise above top-oil temperature f (t) (in tank) for a step increase in load current [6] . nonlinear thermal resistance, which takes into account changes in the transformer oil thermal characteristics with temperature. The validity of the lumped capacitance method with respect to power transformers is given in [9] , [10] and the general validity of the method shown in [3] .
The transformer oil has thermal characteristics strongly dependent on temperature as presented in Table II , [4] , where oil viscosity dependency on temperature is most pronounced.
The nonlinear thermal resistance will be clearly defined in following sections for both the top-oil temperature model and the hot-spot temperature model.
A. Top-Oil Temperature Model
The top-oil temperature model is given as a thermal circuit (Fig. 2) , based on the thermal-electrical analogy and heat transfer theory [3] , [9] . where total losses; heat generated by no-load losses; heat generated by load losses; thermal capacitance of the oil; top-oil temperature; nonlinear thermal resistance; ambient temperature. The heat generated by both no-load and load transformer losses is represented by two ideal heat sources [9] . The ambient temperature is represented as an ideal temperature source [9] . The nonlinear oil thermal resistance according to heat transfer theory [3] is given by the following equation: (1) where is the heat transfer coefficient, and is the area Hence, the nonlinear thermal resistance is inversely proportional to the heat transfer coefficient, whose dependence on temperature is explained in the text to follow.
Based on heat transfer theory, the natural convection oil flow around vertical, inclined, and horizontal plates and cylinders can be described by the following empirical correlation [3] : (2) where and are constants dependent on whether the oil circulation is laminar or turbulent (Table III) [3] .
The Nusselt number , Prandtle number , and Grashof number are described by the following equations, respectively [3] :
where characteristic dimension, length, width, or diameter; gravitational constant; oil thermal conductivity (Table II) ; oil density (Table II) ; oil thermal expansion coefficient (Table II) ; specific heat of oil (Table II) ; oil viscosity (Table II);   TABLE III  EMPIRICAL VALUES FOR CONSTANTS C AND n top-oil to ambient temperature gradient . By substituting (3), (4), and (5) in (2), the following expression is obtained: (6) The variation of viscosity with temperature is much higher than the variation of other oil physical parameters, Table II , [4] , [7] . Therefore, all of the oil physical parameters except the viscosity in (6) will be replaced by a constant and (6) will be solved for the heat transfer coefficient as follows: (7) where is assumed to be a constant, expressed as (8) and is the viscosity variation with temperature, kg/(ms), given by the following equation [7] :
where the viscosity is evaluated at the top-oil temperature. The constant and its parameters are depicted as a function of temperature in Fig. 3 . It is seen that at the normal operation temperatures of power transformers, especially over 40 C, the factor is practically constant. An example of oil viscosity variation with temperature (compared with other physical properties of transformer oil from Fig. 3 ) is shown in Fig. 4 .
The differential equation for the thermal circuit shown in Fig. 2 is (10) If we substitute the equation for nonlinear thermal resistance (1), into (10), the following equation is obtained: (11) Then, by substituting (7) for the heat transfer coefficient , the differential equation is changed to (12) 
the ratio of load losses at rated current to no-load losses
and the load factor (18) where is the load current and is the rated current. Equation (12) is then reduced to its final form (19) which forms the basic model for top-oil temperature calculation. The importance of the oil viscosity temperature variation is that it affects both the oil thermal resistance and top-oil time constant. 
TABLE IV CONSTANT n FOR THE TOP-OIL THERMAL MODEL
It is assumed that oil circulation inside the transformer tank is laminar and so the constant for that particular flow type is equal to 0.25 (Table III) . For transformer cold start or when the oil velocity inside the transformer tank is equal to zero, the constant will take different values for different cooling modes (Table IV) .
The values for the constant are based on our own tests and on [3] , [7] , and [9] .
In order to calculate the top-oil temperature from the differential equation (19) The application of the top-oil temperature model for the varying load calculation on three different power transformers will be given in Section III.
B. Hot-Spot Temperature Model
Similar to the theory given for the top-oil temperature model, the hot-spot temperature model is also represented as a thermal circuit (Fig. 5) .
where heat generated by load losses; winding thermal capacitance; hot-spot temperature; nonlinear winding to oil thermal resistance; oil temperature.
The heat generated by load losses is again represented as an ideal heat source and the oil temperature forms an ideal temperature source [9] . The nonlinear thermal resistance is defined by the heat transfer theory, which has already been applied to the top-oil thermal model, as explained below.
The nonlinear winding to oil thermal resistance is given by the following equation: (20) where is the winding thermal resistance, is the insulation thermal resistance, and is is oil thermal resistance.
By comparing the resistances given in (20), the following thermal correlations are obtained (21) (22) for hot-spot temperatures measured on the surface of the insulated conductors [5] , [11] .
Thus, the final equation for the nonlinear winding to oil thermal resistance is (23) Equation (23) is similar to (1) for the top-oil temperature model; therefore, the equation for the heat transfer coefficient is completely analogous to the heat transfer coefficient in (7) (24) where the viscosity is again evaluated at the top-oil temperature and is now the hot-spot to top-oil temperature gradient. The differential equation for the thermal circuit shown in (Fig. 4) such that (28) and the following constants:
the rated nonlinear hot-spot to top-oil thermal resistance (29) the rated hot-spot temperature rise over top-oil temperature as (30) where is the hot-spot factor and is the rated average winding to average oil temperature gradient. The rated winding time constant [4] is (31) and the load loss's dependence on temperature is
where and describe the dc and eddy losses variation with temperature, respectively. The dc losses vary directly with temperature, whereas the eddy losses vary inversely with temperature.
It follows that the final equation is (33) which is the basic model for the hot-spot temperature. In analogy to (19), the equation takes into account the change of thermal resistance and winding time constant due to the oil viscosity temperature variation. The loss variation with temperature is also included in (33).
Similar to the same assumption made in the top-oil thermal model that oil flow inside the transformer tank is laminar, the value for constant , where oil circulation is already formed, will be equal to 0.25. The constant will have different values in the case of a transformer cold start, that is, when the oil velocity is equal to zero. Values for constant for different cooling modes and different oil circulation conditions are given in Table V .
By using the same calculation method as used in the top-oil temperature model (the Runge-Kutta method), the hot-spot temperature can be calculated from the differential equation (33) Independent variable . The hot-spot temperature model will also be applied on three power transformer units and the results will be discussed in Section III.
III. COMPARISON WITH MEASURED RESULTS
The measured temperature results, which are recorded for three different transformer units during different varying load tests- Table VI, Table VII , [6] , are compared with results obtained by both the calculation method presented in this paper referred to as the thermal model in graphics below, and the IEEE-Annex G method [2] (Figs. 6-11) .
The results plotted by the proposed thermal model agree with measured values with good accuracy especially in the case of the top-oil temperature, at both load increase and load decrease. The results obtained by IEEE-Annex G method also follow generally the measured results for the hot-spot temperature well, whereas the top-oil temperature results show less accuracy.
The input data for the IEEE-Annex G calculation method are given in [6] and Table VIII below. In order to make Table VIII reasonably short, the symbols used in Annex G of [2] are used directly without a verbal explanation (the readers are referred to Section G.6 of [2] ).
The input data for the suggested thermal model are given in Table IX. IV. CONCLUSION Both top-oil temperature and hot-spot temperature thermal models are proposed for power transformers. The models are based on heat transfer theory, application of the lumped capacitance method, the thermal-electrical analogy, and definition of nonlinear thermal resistance. The key factor is that models take account of variations in oil viscosity and winding resistance. As a reference temperature for the oil viscosity evaluation, the top-oil temperature in the tank is used for both models. The constant , which defines the shape of the thermal curve, is given for both different cooling modes and different oil flow condi -TABLE V  CONSTANT n FOR THE HOT-SPOT THERMAL MODEL   TABLE VI  TESTED TRANSFORMER UNITS   TABLE VII  PERFORMED tions. The constant's values are based on our own test and on [3] , [7] , and [9] .
The thermal models are applied on three transformer units at varying load and the results are compared to measured results, and to results obtained by the IEEE-Annex G method. It is shown that the thermal models yield results that compare very well with measured results, especially for the top-oil temperature. The results obtained by the IEEE-Annex G model are also very good for the hot-spot temperature calculation but less accurate for the top-oil temperature. 
A. Top-Oil Time Constant
The top-oil time constant calculation method is based on the calculation method suggested by the IEEE Guide for Loading Mineral-Oil-Immersed Transformers.
The top-oil time constant at rated load is given by the following equation [2] : (A.1) where is the weight of the oil in kilograms (kg). In the equation for the thermal capacity, 86% of the specific heat of the oil was used [2] . Equation (A.2) is an empirical formula based on the modeling performed in this paper.
